
HAL Id: hal-04258301
https://hal.sorbonne-universite.fr/hal-04258301

Submitted on 26 Oct 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Seismic characterization of Cenomanian–Turonian
carbonate platform based on sedimentological and

geophysical investigation of onshore analogue outcrop
(northern Lebanon)

Ghina Abbani, Mathilde Adelinet, Lama Inati, Cédric Bailly, Fadi Nader

To cite this version:
Ghina Abbani, Mathilde Adelinet, Lama Inati, Cédric Bailly, Fadi Nader. Seismic characterization of
Cenomanian–Turonian carbonate platform based on sedimentological and geophysical investigation of
onshore analogue outcrop (northern Lebanon). Geophysical Prospecting, 2023, 71 (8), pp.1616-1632.
�10.1111/1365-2478.13396�. �hal-04258301�

https://hal.sorbonne-universite.fr/hal-04258301
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Received: 4 April 2023 Accepted: 22 June 2023

DOI: 10.1111/1365-2478.13396

O R I G I N A L A R T I C L E

Seismic characterization of Cenomanian–Turonian carbonate
platform based on sedimentological and geophysical investigation
of onshore analogue outcrop (northern Lebanon)

Ghina Abbani1,3 Mathilde Adelinet2 Lama Inati3 Cédric Bailly4 Fadi Nader5

1Sorbonne Université, ED398, Geophysics
Laboratory, Paris Cedex 05, France
2IFP School, Georesources and Energy
Center, Rueil-Malmaison, France
3CNRS-Lebanon, National Center for
Geophysics, Dahr El Sawan, Lebanon
4Université Paris Saclay, CNRS, GEOPS,
Orsay, France
5Geosciences Division, IFP Energies
Nouvelles, Rueil-Malmaison Cedex, France

Correspondence
Ghina Abbani, Sorbonne Université, ED398,
Geophysics Laboratory, BP 72-4, place
Jussieu, 75252 Paris Cedex 05, France.
Email: ghina.abbani@cnrs.edu.lb

Funding information
CNRS-Lebanon and Campus France

Abstract
Outcrop analogues play a key role in the characterization of subsurface carbonate

platforms. The lack of well data and relevant outcrop analogues can result in the misin-

terpretation of seismic data. To address this issue, we apply an integrated workflow

based on sedimentology, geophysics and petrophysics on outcrop analogues present

onshore Lebanon, to constrain the carbonate platform’s properties on onshore seismic

data. A thorough sedimentary description is completed for a 400-m-thick Cenomanian–

Turonian carbonate platform located in Kfarhelda, northern Lebanon. P-wave velocity

is acquired directly on the outcrop, and the petrophysical properties are measured on 44

samples. A 1D synthetic seismogram is computed with Ricker wavelet 25 Hz resembling

seismic resolution. The resulting reflectors are mainly (1) high amplitude reflectors

at the limit between two facies with contrasting physical properties enhanced by dia-

genesis, (2) moderate amplitude reflectors corresponding to stratigraphic limits at the

transition between facies and (3) very low amplitude reflectors in karstified units. The

integration of outcrop and seismic data is based on the generation of the synthetic seis-

mogram to identify the geological origin of reflectors. The best fit between the synthetic

seismic and seismic profile is used to interpret a seismic facies representing bedded

limestones of Sannine and Maameltain formations (Cenomanian–Turonian). Two other

distinctive reflectors are identified at the boundary of the Marly Limestone Zone, and

the Channel facies unit characterized by bioclastic packstone to floatstone. This study

highlights the importance of using outcrop analogues to identify the seismic signal of

stratigraphic sequences and improve the interpretation of onshore seismic data.

K E Y W O R D S
acoustics, interpretation, reservoir geophysics, seismics, velocity analysis

INTRODUCTION

Seismic reflection is an essential method used to provide
insights into sedimentary basin’s architecture and tectonosed-
imentary evolution (Eberli et al., 2004). Seismic reflections
result from the contrasts in acoustic impedance (AI), a prod-
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the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
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uct of sonic velocity and density (Sheriff, 1977). Even with
little variation in composition and mineralogy, carbonates
show a wide range of velocity and AI (Anselmetti & Eberli,
2001). Such changes are strongly related to the variation of
porosity and pore structure, which is influenced by primary
microstructures acquired during sediment deposition, as well
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as secondary microstructures modified by diagenetic pro-
cesses (Adelinet et al., 2019; Bailly, Adelinet, et al., 2019;
Fournier & Borgomano, 2007).

The interpretation of seismic data is based on stratigraphic
principles correlating genetically related sedimentary strata
at depth (Vail et al., 1977). The reflectors are presumed
to follow depositional surfaces and erosional unconformities
(Mitchum, 1977). Seismic facies analysis was introduced as a
useful tool to better interpret carbonate rocks on seismic data
and provide a more complete geologic insight within a sedi-
mentary basin (Berg, 1982; Fontaine et al., 1987; Mitchum,
1977). However, carbonates are greatly impacted by dia-
genetic processes that lead to spatial changes in porosity
and pore structures, thus, altering the primary petrophysi-
cal properties of rocks (Teillet et al., 2020; Wagner, 1997).
As a consequence, the seismic image may be disrupted, and
the sedimentologic and stratigraphic interpretations of seis-
mic data become more challenging (Anselmetti & Eberli,
2001; Eberli et al., 2003; Fournier & Borgomano, 2007). To
understand the geological origin of seismic reflectors, the
integration of sedimentologic and stratigraphic description
with a physical characterization of rocks is essential.

Synthetic seismic modelling was presented as a primary
tool to correlate seismic data with borehole data for better
control of subsurface mapping (Embry et al., 2021; Rekoske
& Hicks, 1992; Teillet et al., 2020). Two-dimensional syn-
thetic seismic modelling is used to generate seismic sections
for large-scale outcrop analogues and compare them to the
subsurface seismic data. This method is based on ultrasonic
measurements and petrophysical characterization of samples
collected from outcrops (Jafarian et al., 2018; Kleipool et al.,
2017; Zeller et al., 2015).

Nevertheless, a P-wave velocity measured at plug scale is
not accurately representative of heterogeneities at the out-
crop scale. For instance, Matonti et al. (2015) discussed the
scale dependency of P-wave velocity in which in situ veloci-
ties are generally lower than plug-scale velocities because of
large heterogeneities (diagenesis, fractures, stylolites). Bailly,
Fortin et al. (2019) used a multiscale representative elemen-
tary volume concept to explain P-wave velocity variation due
to upscaling. Although matrix porosity controls the ultrasonic
P-wave velocity at the plug scale, crack and fracture porosity
appears to impact significantly the sonic and seismic veloci-
ties, respectively. Therefore, with upscaling, P-wave velocity
values vary in response to different geological heterogeneities
(Boadu & Long, 1996; Lubbe & Worthington, 2006; Matonti
et al., 2015).

In this study, we apply an integrated workflow based on the
geological characterization of a Cenomanian–Turonian car-
bonate platform (onshore northern Lebanon) and its physical
properties (acoustic, density, porosity) to generate a 1D syn-
thetic seismogram. A thorough sedimentological description
is completed for the studied outcrop located in Kfarhelda,

north Lebanon (Figure 1a). Then, P-wave velocity is acquired
directly at the outcrop, whereas porosity and density values
are measured on representative samples in the laboratory. The
constructed low frequency synthetic seismogram (25 Hz) is
used to compare geological information from the outcrop with
the onshore seismic data. This paper aims to (1) identify the
relative control of facies distribution and lithological varia-
tions on the generation of seismic reflectors and (2) correlate
outcrop data with onshore seismic data to identify the seismic
signature of stratigraphic sequences.

GEOLOGICAL BACKGROUND

The Eastern Mediterranean is a collage of fragmented tectonic
terranes situated among the African, Arabian and Anatolian
plates (Figure 1a). The formation of the Eastern Mediter-
ranean was induced by three main rifting phases during the
Late Permian, Late Triassic and Early Jurassic. In the Late
Jurassic, the rifting activity ceased and the initiation of passive
margin was succeeded by the deposition of marine carbonates
and deep-water siliciclastics along the westward-deepening
slope (Dercourt et al., 1986; Gardosh et al., 2010; Garfunkel,
1998; Hawie et al., 2015; Robertson, 1998; Wood, 2015).

Onshore Lebanon, the Jurassic succession represents the
core of Mount Lebanon deposited during prevailing shallow-
marine carbonate platform settings. During the Late Jurassic,
a global relative sea level fall and the following conti-
nental volcanism led to the deposition of Bhannes for-
mation (Figure 1b; Abdel-Rahman, 2002; Walley, 1997).
The uppermost Kimmeridgian–Tithonian is characterized by
a shallow-marine platform representing Bikfaya and Sal-
ima formations, deposited in warm conditions, following a
marine transgression (Walley, 1997). The Bikfaya formation
is composed of massive fossiliferous carbonates with chert
nodules (Nader et al., 2007), whereas the Salima formation
represents a massive-to-thinly bedded oolitic limestones alter-
nating with brown marls (Dubertret, 1975; Walley, 1997).
The Late Jurassic–Early Cretaceous period was character-
ized by uplift and local emergence in northern Lebanon.
As a result, the Jurassic–Cretaceous boundary is marked
by an erosional unconformity in which the Berriasian rock
units are absent from the Levant margin (Abdel-Rahman,
2002; Dubertret, 1975; Nader et al., 2007). Chouf forma-
tion overlies this unconformity representing fluvio–deltaic
siliciclastic sediments (Walley, 1997). Overlying the Chouf
formation is a transition unit of fossiliferous limestones, marls
and sandstones known as Abeih formation (Late Barremian)
(Dubertret, 1975).

Sea-level rises during the Aptian resulted in the deposi-
tion of massive (reefal) limestones known as the Mdairej
formation (Walley, 1997). The overlying Hammana formation
is composed of limestones, marls and terrigenous sediments
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1618 ABBANI ET AL.

F I G U R E 1 (a) Simplified geological map of Lebanon showing the trace of the onshore seismic profile, and the location of the study area and
available onshore wells (edited after CNRS-Lebanon; Dubertret, 1955; Nader, 2011). (b) Simplified chronostratigraphic chart for onshore Lebanon
showing the principal formations and sedimentary facies in north Lebanon from Upper Jurassic to Upper Cretaceous.

deposited in near-shore conditions during the Late Aptian to
Albian (Noujaim, 1977). Maximum transgression prevailed
in northern Lebanon from the Cenomanian and resulted in
the deposition of Sannine formation which shows east–west
facies change (Nader et al., 2016). Shallow-marine medium-
to-thick-bedded limestones are observed to the east, whereas
thinly bedded, chalky and cherty sediments are observed
westward in deeper-marine conditions (Nader et al., 2006;
Walley, 1997). Finally, shallowing-marine conditions pre-
vailed during the Turonian leading to the deposition of
Maameltain formation. It is composed of massive-to-thinly
bedded limestone alternating with marls and representing
a shallowing-upward trend, in which outer ramp facies are
overlain by shallower marine facies, followed by a sharp
return to deeper-marine conditions (Dubertret, 1975; Hawie,
Deschamps, et al., 2013; Noujaim, 1977).

METHODOLOGY

The studied Kfarhelda outcrop represents a Cenomanian–
Turonian succession of carbonates (Hawie, Deschamps,
et al., 2013). The age of this sedimentary infill is well
constrained by sedimentologic and biostratigraphic studies
(Hawie, Deschamps, et al., 2013; Nader, 2000). Our study
focuses on the upper part of Sannine formation composed
of medium-to-thick bedded limestone, and the overlying
Maameltain formation characterized by rudist-rich limestone.

Field work

Sedimentological investigation

A thorough sedimentary description was completed for the
400-m-thick Kfarhelda sedimentary section including lithol-
ogy and texture description of each bed. Based on field obser-
vations and facies description, we defined facies associations
(FAs) and built a sedimentary log.

Acoustic properties

P-wave velocity was acquired directly on the outcrop using
Pundit PL-200 device, under atmospheric pressure and in dry
conditions. The waves propagate through the rock between
the transmitter and the receiver were the total travel time is
recorded, and the velocity is obtained by dividing the total
travel time to the spacing between the sensors, with less than
5% travel time error (Bailly, Fortin, et al., 2019). The veloci-
ties were obtained using 40 kHz P-wave sensors. The spacing
(L) between the emitter and receiver is maintained constant
at around 40 cm. This ensures that the number of cumulative
wavelengths is enough to have a representative velocity data
set. The measurements are acquired horizontally, parallel to
the bedding, with a vertical spacing of 1 m. The inclination
of the beds allowed us to measure the acoustic properties of
419-m-thick sedimentary series.
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CHARACTERIZATION OF CARBONATE OUTCROP 1619

Laboratory measurements

A total of 44 samples were collected from the outcrop, rel-
atively one sample every 10 m along a vertical section.
Depending on their size, the samples were cut into cubes to
acquire physical properties. The density and porosity values of
rock samples were calculated using triple-weight method by
measuring sample mass in dry condition, fluid-saturated con-
dition and fluid-saturated submerged in the saturating fluid.
First, the samples are dried in oven at 60˚C for 24 h to mea-
sure the dry mass (mdry). Then, the samples are placed in
a desiccator connected to a pump to ensure vacuum condi-
tions for a minimum of 8 h. The desiccator is connected at
the same time to an Erlenmeyer filled with de-mineralized
water. The water is routed to the desiccator, and the samples
are soaked for minimum 12 h. Finally, the submerged mass
(msub) and saturated mass (msat) are measured, and the poros-
ity, bulk density and mineral density are calculated based on
the following equations:

Porosity =
𝑀sat − 𝑀dry

𝑀sat − 𝑀sub
× 100, (1)

Bulkdensity(𝜌bulk) =
𝑀dry

𝑀sat − 𝑀sub
, (2)

Mineraldensity(𝜌min) =
𝑀dry

𝑀dry − 𝑀sub
. (3)

Synthetic seismic modelling

Based on the outcrop and laboratory data set, a 1D synthetic
seismogram is generated. The seismic response is primarily
controlled by acoustic impedance (AI) representing the prod-
uct of P-wave velocity (Vp) and bulk density (ρbulk). Two
approaches were applied to calculate AI values while account-
ing to the resolution difference between velocity and density
data. In the first approach, assumptions were made on density
values to create grid dimensions comparable to the veloc-
ity grid. These assumptions were based on density values
measured from the samples, and the sedimentological obser-
vations on the outcrop. In the second approach, AI values were
calculated based on average velocity values comparable to the
density grid dimensions. The two seismograms show good fit
as a low frequency Ricker wavelet is used in generating the
seismic trace.

The computed AI is used to calculate the reflection coeffi-
cient (RC) (Equation 4), which is then convoluted to seismic
trace at zero-phase Ricker wavelet (Jafarian et al., 2018;

Stafleu et al., 1994).

RC =
AI2 − AI1
AI2 + AI1

. (4)

The Ricker wavelet is the second derivative of the Gaussian
function, defined by one central frequency. It is widely used
in synthetic seismic computation as its asymmetrical ampli-
tude spectrum is similar to the attenuation feature of seismic
wave propagation (Wang, 2015). In this study, a zero-phase
Ricker wavelet was used to generate the seismogram as the
2D onshore seismic profile was processed using zero-phase
conversion.

For P-wave velocity between 2000 and 6000 m/s, using a
central frequency 25 Hz implies a resolution between 20 and
60 m (wavelength/4). This allows the comparison between
the outcrop geological data and the onshore 2D seismic
profile.

Seismic interpretation

The 2D seismic profile SLEB-2D-01-13 with EW orientation
(Figure 1a) was acquired in 2013 and processed by Spec-
trum Geo Ltd. following Kirchhoff Pre-stack Time Migration
(PSTM). PSTM was run with velocities smoothed over 2 km,
1 km and 500 m intervals when appropriate for the final
pass of velocity analysis using CDP gathers, constant veloc-
ity stacks and contoured semblance displays. The line has a
44 km linear distance from Batroun coastal city to Ainata
village passing through difficult irregular terrains. The inter-
pretation of the profile was done at the Lebanese Petroleum
Administration using Petrel software. Interpretation and time–
depth conversion were completed after the work of Nader
et al. (2016). The depth of time-picked reflectors was cal-
culated using the proposed velocity model based on Dix
equation (Dix, 1955; see Nader et al. (2016) for velocity
model). Additionally, detailed sedimentological interpreta-
tion of Kfarhelda outcrop was used to identify local seismic
facies of Cenomanian–Turonian age.

Seismic attributes represent the internal properties of a
seismic signal obtained from seismic data (e.g. amplitude
and frequency) (Nanda, 2016). It is considered a helpful
tool for distinguishing lateral lithological changes (Chopra
& Marfurt, 2007). The seismic attributes used in this study
are the relative AI and the root mean square (RMS) ampli-
tude. Relative AI attribute represents contrast in physical
properties or apparent AI. It is used for lithology discrimina-
tion and variations in thickness. Additionally, it can indicate
unconformity surfaces, discontinuities or sequences bound-
aries (Oyeyemi & Aizebeokhai, 2015). RMS attribute is also
related to AI and is similar to reflection strength. Higher AI
values imply higher RMS amplitude. It is also used to detect
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1620 ABBANI ET AL.

F I G U R E 2 Panoramic view of the Kfarhelda outcrop, northern Lebanon, showing the identified facies associations. Black lines inside each
facies association represent the bedding. Points 0 and 419 m represent the first and the last studied points, respectively.

unconformities, lithology changes and channels variations
(Emujakporue & Enyenihi, 2020).

RESULTS

Sedimentary log description

Based on field and samples observations, 13 facies were iden-
tified for the entire stratigraphic interval, defining 4 facies
associations (FAs): supratidal/inner ramp (FA1), outer ramp
(FA2), shallow-marine platform (FA3) and mid-ramp (FA4)
(Figure 2).

The lower 5 m of the section present fine crystalline
dolomites dominantly laminated with calcite pseudo-morphs.
These are overlain by a massive unit of bioclastic wacke-
stone (Figure 3a), intercalated with thin layers of mudstone
(1–3 m) up to 40 m. It is characterized by frequent calcite
cemented vugs, weathering and fracturing, as well as porosity
(micro- and fenestral porosity). Between 41 and 80 m, the tex-
ture becomes dominantly mudstone with cherts (Figure 3b).
This mudstone unit is characterized by frequent stylolites
(Figure 3c), bioturbations, fracturing and weathering.

A bioclastic-rich packstone to wackestone unit dominates
the section between 82 and 129 m with mud intercala-
tions, overlain by 6 m of bioclastic floatstone (131–137 m)
(Figure 3d). Then, a unit of laminated mudstone with cherts
is observed from 139 m with intervals of packstone (153–
160 m), followed by another unit of mudstone up to 178 m.
Between 179 and 213 m, the texture changes into massive bio-
clastic packstone to wackestone, with mudstone interbeds. It
is followed by a unit of mudstone with internal erosion, and
reworking breccias with slumping structures between 214 and
218 m (Figure 3e).

Between 219 and 267 m, we observed a unit of bioclastic-
rich rudstone to grainstone with abundant rudists and gas-
tropods (Figure 3f). This unit is also interbedded with
bioclastic mudstone to wackestone layers (1–5 m). The out-
crop was not describable from 285 to 294 m. At 300 m,
we identified a layer of algal boundstone (Figure 3g), over-
laid by a thick unit of dolomites (303–329 m) (Figure 3h).
A thick unit of massive bioclastic wackestone to packstone
is observed between 330 and 346 m, overlain by alternating
units of dolomites and mudstone up to 382 m. It is followed
by a massive, brecciated rock unit (2–5 m) at 383 m, alter-
nating with layers of thinly bedded bioclastic rudstone to
packstone (1–4 m) (Figure 3i) up to the top of the log at 419 m.
These observations are used to build a sedimentary log of the
outcrop representing Cenomanian–Turonian carbonate rocks
(Figure 4).

Acoustic and petrophysical data set

P-wave velocity, density and porosity

A total of 419 P-wave velocity values were acquired at the out-
crop. P-wave velocity shows high variability ranging between
1460 and 6400 m/s with a median of 4660 m/s. The distri-
bution of acoustic properties according to the facies and FA
classification is presented in a violin plot (Figure 5a,b). FA1
shows velocity values between 2800 and 5700 m/s, except for
mudstone to wackestone facies (F1b) showing great variations
between 1460 and 6100 m/s. FA2 presents generally higher
velocity values between 3700 and 6000 m/s. Finally, FA3 and
FA4 present velocity between 3200 and 6400 m/s, where the
lower velocities (between 3600 and 4600 m/s) are associated
with rudstone to grainstone facies (F3a).
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CHARACTERIZATION OF CARBONATE OUTCROP 1621

F I G U R E 3 Cenomanian–Turonian facies of Kfarhelda outcrop:
(a) bioclastic wackestone; (b) mudstone with chert nodules; (c)
mudstone with stylolites; (d) bioclastic floatstone; (e) sedimentary
breccia; (f) rudist-rich rudstone; (g) red algae boundstone; (h) dolomite
with cemented vugs; (i) bioclastic rudstone; (j) channel facies.

The porosity and density values were calculated from 44
representative samples. Porosity varies between 1% and 17%,
representing low-to-moderate porosity, with nine samples
having porosity greater than 10%. Facies with muddy textures
have generally lower porosity values (<5%), whereas bio-
clastic packstones to wackestone/floatstone facies (F1d and
F3b) have an average porosity of 7.65%. Moderate porosity
is observed for rudstone facies (∼11%), and dolomite facies
(F1a and F3d) have porosity values between 5% and 16%.

Finally, bulk density varies between 2.23 and 2.67 g/cm3,
whereas mineral density varies between 2.56 and 2.8 g/cm3.
The plot between density and porosity shows decreasing den-
sity values with increasing porosity (Figure 5c). Most of
the samples show values lower than the pure calcite and
pure dolomite values. This can be explained by the deposi-
tional history and subsequent diagenetic processes impacting
the primary petrophysical properties of rocks. For instance,
fracturing and abundance of stylolites are observed between
the base of the outcrop and around 190 m. FA3 facies
are characterized by partial dolomitization associated with
dissolution phases creating vugs, whereas FA4 facies are
impacted by fracturing and brecciation. These diagenetic
modifications can contribute to lowering the bulk density
values.

Vertical evolution of physical properties and
synthetic seismic

Figure 6 shows the vertical evolution of the geological proper-
ties of Kfarhelda outcrop compared to the measured physical
properties: P-wave velocity, porosity, density and acoustic
impedance (AI). P-wave velocity changes abruptly between
the base of the log and 50 m. Between 40 and 48 m, mudstone
to wackestone facies (F1b) is associated with the lowest veloc-
ity values (∼1400 m/s). P-wave velocity values are centred
between 3800 and 5800 m/s up to 100 m. This mud-supported
facies (F1c) present porosity values between 1% and 8.7%.
It is dominated by fractures and stylolites, which are intense
between 54 and 82 m. Then, between 100 and 179 m, higher
porosity values (∼16%) are observed for bioclastic packstone
to floatstone facies (F1d) and are associated with lower veloc-
ity values (3700–4600 m/s). From 180 to 218 m, FA2 is
associated with low porosity and velocities centred between
3800 and 5000 m/s. Between 219 and 231 m, a unit of bio-
clastic rudstone to grainstone (F3a) is characterized by higher
porosity (8%–16%), and velocities lower than 4600 m/s.
The velocity is centred between 4000 and 5100 m/s up to
300 m, along with the sedimentary facies’ alternation between
F3b and F3c. Stylolites are common within F3c, whereas
intense fracturing is observed up to 330 m. The porosity
appears almost homogenous between 300 and 380 m (∼4.8%–
7%), whereas the P-wave velocity shows a scattered pattern.
Finally, at the top of the sedimentary log, F4a and F4c present
velocity values between 3200 and 6000 m/s, whereas F4b
(bioclastic rudstone to floatstone) present velocities centred
between 5100 and 5900 m/s.

Along the previously described sedimentary log, the AI
shows a vertical trend similar to that of P-wave velocity. AI is
then used to calculate the reflection coefficient and generate
a 1D synthetic seismogram representing the studied outcrop.
Negative amplitude reflectors are in blue and correspond to
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1622 ABBANI ET AL.

F I G U R E 4 Simplified sedimentological log of Kfarhelda outcrop for Cenomanian–Turonian carbonate platform representing supratidal/inner
ramp, outer ramp, shallow-marine platform and mid-ramp facies associations.

downward decrease in AI, whereas positive amplitude reflec-
tors are in red and correspond to downward increase in AI.
Six negative amplitudes (R1, R3, R5, R7, R9, R11) and six
positive amplitudes (R2, R4, R6, R8, R10, R12) reflectors are
identified. Reflectors R1, R2 and R3 appear to have higher
amplitude than other reflectors. No reflections are observed
on the seismogram between 115 and 145 m. Similarly, the
reflectors observed between 340 and 385 m show very low
amplitude.

2D Seismic profile

A detailed seismic stratigraphic analysis was completed on the
seismic profile to identify the main reflectors near Kfarhelda
outcrop. Six reflectors were identified on the cropped sec-
tion of the profile: H1, H15, H14, H13, H10, H6 (Figure 7).
Seismic facies analysis was carried out locally for the Upper
Cretaceous interval to associate the prevailing reflection
patterns with their relative depositional settings. For the
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CHARACTERIZATION OF CARBONATE OUTCROP 1623

F I G U R E 5 (a) Violin plot showing the distribution of P-wave velocities over facies associations, (b) violin plot showing the distribution of
P-wave velocities over different facies (the mean is presented as black horizontal dash, and the median is presented as green horizontal dash), (c)
density versus porosity acquired from 42 rock samples, and the legend identifying the included facies.

F I G U R E 6 High resolution seismic stratigraphy showing a simplified sedimentary log and the relative fracturing intensity; velocity values at
outcrop scale (m/s); porosity (%), mineral and bulk density (g/cm3) acquired on samples; acoustic impedance (g/cm3, m/s); reflection coefficient;
synthetic seismogram and the identified seismic reflectors.
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1624 ABBANI ET AL.

F I G U R E 7 (a) Satellite image of Kfarhelda area showing the locations of seismic line trace, studied outcrop and the relative location of
seismic facies S1; (b) cropped image from central part of the interpreted seismic profile SLEB-2D-01-13 showing the key reflectors near the
Kfarhelda outcrop, and the location of the studied outcrop.

Cenomanian–Turonian deposits in Kfarhelda area, four main
types of seismic facies (S1, S1, S3, S4) are classified based
on reflection characteristics.

DISCUSSION

Sedimentary facies associations

The completed fieldwork provided a sedimentary log cov-
ering of the Cenomanian–Turonian outcrop studied in
Kfarhelda. Four facies associations (FAs) were identified
for the outcrop based on field observations and literature
of regional geology and stratigraphic evolution of north-
ern Lebanon (Beydoun, 1977; Dubertret, 1975; Hawie,
Gorini, et al., 2013; Nader, 2011; Saint-Marc, 1972). The

Cenomanian–Turonian carbonate platform prevailed along
the Levant margin and presented important rudist accumu-
lations along the Turonian mid-ramp configuration (Nader,
2000; Saint-Marc, 1972). The FAs attested in Kfarhelda out-
crop fit well with major eustatic fluctuations during the
Cenomanian–Turonian.

The FA (FA1) at the base of the outcrop refers to suprati-
dal/inner ramp configuration. Laminated fine crystalline
dolomite (F1a) represents the supratidal depositional setting.
F1b consists of massive thinly bedded mudstone to wacke-
stone, and F1c represents a unit of thinly bedded mudstone
to wackestone with cemented vugs. The main difference with
F1c is the abundance of chert nodules marking deepening
conditions, consistent with the maximum transgression condi-
tions affecting the Arabian plate from the Early Cenomanian
to the Early Turonian (Sharland et al., 2001). F1d consists
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CHARACTERIZATION OF CARBONATE OUTCROP 1625

of bioclastic-rich packstone to floatstone units with rud-
ists, gastropods and bivalves, representing shallowing-upward
channel facies (Nader et al., 2006).

Two facies are identified for the outer ramp FA (FA2):
massive-to-thinly bedded bioclastic packstone to wackestone
(F2a), and thinly bedded mudstone (F2b). Additionally, FA
(FA3) represents shallow-marine platform consisting of bio-
clastic rudstone to grainstone facies with abundant rudists
(F3a), and bioclastic packstone to wackestone facies (F3b).
The Turonian carbonate platforms with rudist accumulations
have been extensively studied on the Arabian Plate (Saint-
Marc, 1972, 1974). During the Mid-Turonian, shallowing
trend with major regression, enhanced by Levant marginal
uplift, affected the Levant area explaining the sharp transi-
tion into the rudist-rich rudstone platforms (Haq et al., 1988;
Hawie, Deschamps, et al., 2013). The dolomite textures with
chicken wire structures (F3d) mark further shallowing and a
shift into supratidal depositional setting (Nader et al., 2016).

The facies F4a (in FA4) consists of massive brecciated
packstone indicating slope instability during the Mid-to-Late
Turonian. The alteration of brecciated rock units could be
due to the tectonic movements associated with the com-
plex structural evolution of the Levant margin, such as
the Syrian arc folding initiated from Late Turonian (Brew
et al., 2001; Walley, 1998). Rudstone to floatstone facies
(F4b) marks a progressive return to shallow-marine set-
tings, followed by deeper laminated mudstone to wackestone
facies (F4c) at the top of the Turonian series (Noujaim,
1977). The Levant margin is characterized by deepening
of sedimentary facies during the Late Turonian (Hawie,
Deschamps, et al., 2013).

Geological origin of seismic reflectors

Based on our data set and the synthetic seismic computa-
tion, the geological origin of seismic reflectors has been
determined. Seismic reflections can be classified in three
groups: (1) high amplitude reflectors resulting from vertical
variation in petrophysical properties enhanced by diagenetic
features (R1, R2, R3), (2) high-to-moderate amplitude reflec-
tors resulting from a vertical change in acoustic impedance
(AI) at the boundary between two facies or FA (R4, R5, R6,
R7 and R12) and (3) low amplitude reflectors within karstified
and fractured units (R9, R10, R11).

Reflector R1 (Figure 6) is a high amplitude negative reflec-
tor at the base of the log resulting from upward decrease in
porosity at the transition between fractured dolomite (F1a)
and tight mudstone facies (F1b). R2 is a high amplitude pos-
itive reflector controlled by positive reflection coefficients
(RCs), whereas R3 is a negative reflector resulting from sharp
contrast in AI at the transition between mud-dominated facies
F1b and F1c. Both facies represent mud-supported limestone

yet with two distinctive differences: F1b includes marl inter-
calations causing the sharp decrease in velocity values. In
contrast, F1c represents mudstone with chert nodules and
abundant stylolites. Consequently, velocity values observed
for F1b and F1c show significant scattering (Figure 5b),
outlining an impact of the outcropping diagenetic features.
This implies that these high amplitude reflectors observed
at the base of the log correspond to vertical facies variation
and contrasts in physical properties enhanced by diagenetic
features.

High-to-moderate amplitude reflectors form at the transi-
tion between two facies. For instance, a bioclastic packstone
unit (F1d) is observed at 80 m representing a channel facies
with coarsening upward trend. This unit is associated with
lower velocity values and moderate porosity (∼12%). The
contrast with the underlying less porous mudstone units (F1c)
resulted in the generation of the positive reflector R4. Con-
versely, R5 is a negative reflector representing a trend of
decreasing upward porosity. Observations at the outcrop show
an interesting contrast at around 150 m. This limit marks the
end of bioturbation dominating the previous unit, and a fining
upward trend.

Between 190 and 230 m, the log is dominated by bioclastic
packstone (F2a) and rudstone to grainstone facies (F3a). This
section is generally characterized by lower velocity values
and increasing porosity (11%). Consequently, the sharp con-
trast with the underlying mudstone unit generates the positive
reflector R6. This reflector represents an important strati-
graphic limit, at the transition between FA2 and FA3, marking
the Mid-Turonian shallowing trend and the deposition of
rudist-rich rudstone platforms.

A unit of less porous bioclastic packstone (F3b) overlies the
rudstone platform at around 233 m, generating the negative
reflector R7. Conversely, the reflector R8 does not appear to
represent a boundary or facies transition, but rather a vertical
variation in porosity and AI pointing to a diagenetic con-
trast. Finally, R12 is a positive reflector marking the transition
between FA3 and FA4, associated with an increasing poros-
ity trend for the brecciated packstone unit (14%). This clearly
demonstrates that the vertical variation in acoustic proper-
ties is related to facies variation in which the main reflectors
remain in accordance with the depositional timeline and initial
petrophysical properties.

The very low amplitude reflectors (R9, R10 and R11) at
the upper part of the log are associated with a thick unit of
dolomites (∼30 m) and an overlying highly karstified section
of alternating dolomite and mudstone/wackestone textures
(mineral density ∼2.8 g/m3). The velocity values vary within
these beds, whereas the porosity remains relatively low (4%–
7%). This can be explained by the homogenization effect of
diagenesis that masks the contrasts related to the vertical vari-
ation of facies (Bailly et al., 2022). Finally, sections that are
characterized by vast variations of physical properties result
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1626 ABBANI ET AL.

in rapid succession of beds with high AI contrasts. Conse-
quently, the seismic signal is obliterated, and no reflectors are
observed between 120 and 150 m.

Seismic interpretation and seismic facies
analysis

Interpretation

A section of the onshore 2D seismic profile was interpreted
to identify major seismic reflectors and assign proper lithos-
tratigraphic attributes to the seismic facies. Figure 7a presents
a satellite image showing the relative locations of the outcrop
and the 2D seismic profile. Figure 7b shows the relative loca-
tion of the studied Kfarhelda outcrop to the interpreted section
of the 2D seismic profile.

Six reflectors were identified on the studied section of the
2D seismic profile (H1, H15, H14, H13, H10, H6) (Figure 7b).
H1 represents the ground horizon and shows an increase in
altitude eastwards with minor elevation near the study area.
H15 is a continuous reflector with strong impedance present
in the western part of the profile. It corresponds to the base
of Albian–Cenomanian limestone of Hammana formation.
The reflector H14 is also continuous with high impedance
contrast that runs parallel to H15 just below Kfarhelda out-
crop where it forms a mound-like feature dipping to the
west. H14 limits the boundary between overlying parallel to
sub-parallel continuous seismic package and the underlying
sub-parallel, less continuous reflectors of high amplitude. The
H15–H14 interval has an average thickness of 230 m which
coincides with the thickness of Abeih and Mdairej Formations
(Figure 1b).

H13 is a discontinuous reflector that underlies H14 at some
places in the middle of the profile, whereas it forms a thin
seismic package in the eastern part of the profile, character-
ized by continuous high amplitude reflectors. The thickness
of this unit may be correlated with Chouf formation. H10
and H6 are strong non-continuous reflectors that extend from
the centre of the profile eastward, with high impedance con-
trast. H10 underlies a thick seismic package in the east, below
Mount Lebanon, whereas it shows elevation and discontinuity
towards the centre. It then thins westward and becomes paral-
lel to H13. H10 corresponds to Kesrouane formation (marly
deposits) with average thickness H13–H10 between 810 and
1190 m in the west and thickens eastward. Finally, H6 is
more continuous in the central and western parts of the profile
marking the base of a similar seismic package. The interval
H10–H6 has a thickness between 870 and 1300 m, thicken-
ing eastward. It corresponds to Early–Mid Triassic evaporites
(Kurrachine anhydrites) considering that the Liassic and Tri-
assic sequences have a total average thickness 1245 m (Nader
et al., 2016).

Seismic facies analysis–cropped section near
Kfarhelda

The proposed classification of seismic facies is based on
reflection configuration, amplitude characteristics and the
continuity of seismic reflectors (Figure 8). The seismic facies
type S1 represents continuous parallel reflections with mod-
erate amplitude. The analysis of amplitude suggests a unit
of stratified deposits with significant lithological contrast.
This can be explained by the presence of limestone layers
(high-impedance) intercalated with marls (lower impedance)
or marl-limestone alternations within thin beds (Słonka &
Krzywiec, 2020). Such a unit can be related to the Upper
Cenomanian unit of Sannine formation characterized by bed-
ded limestones with chert intervals (Nader, 2014; Walley,
1997). S2 seismic facies type represents semi-continuous
wavy parallel reflections with moderate-to-high amplitude.
This type is identified at more than 300 m and the impedance
contrast suggests that this unit is related to the massive, bed-
ded limestones (with cherts) of Middle Cenomanian unit of
Sannine formation (Nader, 2014; Walley, 1997). The type S3
seismic facies represents a mound-shaped semi-continuous to
discontinuous reflection geometry with moderate amplitude.
This lack of continuity is related to carbonate deposits forming
reef bodies in a high-energy system (Veeken & Moerkerken,
2013). S3 is identified at 550–640 m which can be related
to the reef limestones of Lower Cenomanian unit of Sannine
formation.

Finally, seismic facies type S4 overlies the reflector H15
marking the base of Sannine formations at around 650 m
depth. S4 represents chaotic and low amplitude seismic reflec-
tors that could be linked to deposits with karst features related
to Early Cenomanian massive dolomitic rocks defined as the
Hammana–Sannine transition unit. Karst features have been
interpreted in terms of seismic facies as chaotic seismic reflec-
tions with low amplitude (Burberry et al., 2016; Embry et al.,
2021; Hendry et al., 2021; Hu et al., 2023; Sayago et al.,
2012). This can be related to the petrophysical properties of
karstified rocks often characterized by lower AI values com-
pared to the surrounding rock units (Fournillon et al., 2021).

In Kfarhelda outcrop, seismic facies type S1 is dip-
ping westward. It reaches down to 1.15 s (Figure 9a). The
interpretation of surface geology, as well as the reflection
characteristics, confirms that S1 was observed in other loca-
tions to the west of the seismic profile where the Turonian
Maameltain formation outcrops.

Outcrop to seismic tie and seismic-stratigraphic
context

P-wave velocities were acquired horizontally on the out-
crop at 40 kHz frequency representing a pluri-centimetre
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CHARACTERIZATION OF CARBONATE OUTCROP 1627

F I G U R E 8 Results of seismic facies analysis of the Cenomanian–Turonian interval.

scale (40 cm). Acoustic measurements from Kfarhelda out-
crop were acquired in dry conditions and under atmospheric
pressure (0.1 MPa). In burial conditions, P-wave velocity is
modified under the impact of confining pressure, depend-
ing on the condition of initial porosity, pore type and cracks
(Anselmetti et al., 1997; Fournier et al., 2011; Matonti et al.,
2015). The studied Cenomanian–Turonian carbonate outcrop
shows a low amount of burial. Thus, the acoustic measure-
ments acquired on the outcrop can be used to interpret the
corresponding onshore seismic line.

The best fit between the synthetic seismic and seismic pro-
file is presented in Figure 10. At the base of the sedimentary
log, reflectors R1, R2 and R3 have the highest amplitude
for synthetic traces at the vicinity of high RCs (in absolute
value). Similarly, the seismic profile shows moderate ampli-
tudes within seismic facies S1, particularly for reflectors S1b,
S1c and S1d, whereas S1a shows lower amplitude (Figures 9a
and 10). To correlate the outcrop data with seismic data,
we introduce a pseudo well W1 representing the sedimen-
tologic log of Kfarhelda outcrop (Figure 9a). The location
was estimated based on the seismic trace and GPS data of
the outcrop. The well represents the studied sedimentologic
log between 0 and 213 m. The well reaches the Upper Ceno-
manian unit of ‘Sannine formation’ with a total thickness of
213 m. This unit is identified as the seismic facies S1 char-

acterized by medium-to-thick bedded limestone and marly
limestone sediments (Walley, 1998). The relative locations
of W1 on the seismic line as well as the studied outcrop are
shown in Figure 9a.

A succession comprised alternations of marl, marly lime-
stone and mudstone is identified as the Marly Limestone Zone
(MLZ), responsible for creating AI contrast. However, these
marl intercalations have a relatively low thickness (∼8 m),
at the limit of resolution of seismic data. This results in
seismic signal interference and seismic tuning due to the
strong overlap of reflective signals from marl and limestone
strata, making it difficult to precisely detect the limits of the
marly zone using seismic data alone (Słonka & Krzywiec,
2020). Above the MLZ, a unit associated with inner ramp
carbonate deposits is present and characterized by mudstone
containing chert. Similarly, a unit of massive limestone (mud-
stone to wackestone) is present below MLZ and characterized
by higher velocities. Consequently, the strong AI created at
the limits of the MLZ results in a series of high amplitude
(positive and negative) seismic reflectors.

The positive seismic reflector generated below S1d has a
very low frequency and cannot be clearly interpreted. This can
be related to the presence of the dolomite unit identified at the
base of the well. This unit may extend deeper below the stud-
ied outcrop, resulting in a thick dolomite unit that can mask
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1628 ABBANI ET AL.

F I G U R E 9 (a) Cropped image of the seismic profile, near the studied Kfarhelda outcrop, showing seismic facies and well W1 locations; (b) a
cropped image of root mean square (RMS) amplitude and (c) relative acoustic impedance seismic attributes, applied on a section of the profile
(Figure 10a), showing channel facies (circled).

the vertical contrast in AI. Consequently, a chaotic, low ampli-
tude, low frequency seismic image is observed (Figure 9a).
In contrast, the synthetic seismic reflectors R1 and R2 show
higher amplitude because the vertical variation of physical
properties is better represented on the synthetic seismogram,
resulting in sharp contrasts and higher resolution reflectors.

A unit of channel facies is identified above the mudstone
and characterized by coarsening upward trend. This unit,
dominated by bioclastic floatstone, is associated with changes
in physical properties (higher porosity and lower velocity).
It induces a contrast in AI and, consequently, generates a
seismic reflector (S1c). It corresponds to the reflector R4 on
the synthetic seismogram, a positive reflector with moderate
amplitude. Root mean square (RMS) and relative AI seismic
attributes are used to distinguish channels for this section.
Figure 9b,c shows that the channel facies unit identified on the
sedimentologic log have a good match with the bright spots

identified on the RMS seismic attribute. RMS attribute is usu-
ally used to detect bright spots of porous sand representing
possible hydrocarbon reservoir (Brown, 2001; Mangal et al.,
2004; McQuillin et al., 1984). Indeed, using RMS attribute
to detect coarser-grained facies, such as channel facies, is
an approach commonly used in the literature (Emujakporue
& Enyenihi, 2020; Ghoneimi et al., 2021; Hossain, 2020;
Oyeyemi & Aizebeokhai, 2015).

The stratigraphic and sedimentologic descriptions show
that the seismic reflector S1b can be associated with a sharp
transition between inner ramp deposits and a unit of suprati-
dal dolomites. On the contrary, no reflectors are identified for
the synthetic seismogram within this section. This was pre-
viously explained as signal cancellation resulting from rapid
alternations in AI. At the top of the well, the synthetic seismic
does not show a good fit with the seismic profile. Onshore
seismic reflection data are generally characterized with
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CHARACTERIZATION OF CARBONATE OUTCROP 1629

F I G U R E 1 0 Results of well-to-seismic tie using synthetic seismogram, correlated with simplified sedimentological log for the
Cenomanian–Turonian succession studied at Kfarhelda (purple for F1a, dark brown for F1b, light brown for F1c, dark green for F1d and light green
for F2a). Synthetic seismic and seismic traces are represented in depth (m). Negative amplitude reflectors are presented in blue, and positive
amplitude reflectors are in red. The main seismo-stratigraphic units: (1) channel facies and (2) Marly Limestone Zone are both related to Upper
Cenomanian Inner ramp depositional setting.

seismic noise near the surface of the earth. The top 10–30 m
are associated with slower velocities causing the wavelength
to be shorter. Consequently, the wavelength is impacted
by small-scale heterogeneities (0.5–10 m) causing energy
scattering and distortion of the signal (Stork, 2020).

In summary, the major seismic reflectors are related
to vertical variations of the principal physical properties,
including porosity, mineralogy and velocity. The correlation
between synthetic seismogram and seismic data generated for
Kfarhelda outcrop shows two units with significant seismic
signatures: the MLZ (high amplitude negative reflector) and
channel facies (high-to-moderate amplitude positive reflec-
tor). This study provides a sedimentological characterization
of the Cenomanian–Turonian sedimentary succession in north
Lebanon. The interpretation of seismic data is often compli-
cated by uncertainties and poor image quality. Indeed, outcrop
analogues can provide a key tool for the characterization
of a carbonate platform system by unravelling the geologi-
cal details beneath the seismic reflection resolution (Hendry
et al., 2021; Howell et al., 2014). The comparison between
synthetic seismic models, based on observations and data
from the outcrop, can provide insight into the best interpre-

tation of the seismic data. In this study, the geological origin
of seismic reflectors and the relative control of facies dis-
tribution were identified. These findings are of importance
for the seismic interpretation of onshore profiles because it
shows the seismic signature of the Cenomanian–Turonian
stratigraphic sequence, making it an adaptable approach for
similar sedimentary succession. Indeed, carbonate platforms
exhibit a high degree of heterogeneity and reservoir com-
plexity (Hendry et al., 2021). Our work demonstrates that
the main seismic reflectors observed for the studied outcrop
coincide with stratigraphic boundaries. However, this study
highlights the need for advanced petrographic and petrophys-
ical investigation to understand the intensity of diagenetic
processes and their impact on the evolution of rocks’ physical
properties.

CONCLUSION

In the present study, we discussed the sedimentological
and geophysical characteristics of a Cenomanian–Turonian
shallow-marine carbonate platform located in Kfarhelda,
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1630 ABBANI ET AL.

northern Lebanon. An extensive sedimentological investi-
gation over the outcrop allowed the identification of four
facies associations (FAs): supratidal/inner ramp (FA1), outer
ramp (FA2), shallow-marine platform (FA3) and mid-ramp
(FA4). Acoustic properties were acquired directly on the
outcrop using Pundit PL (200) device. P-wave velocity
values were obtained horizontally at 40 kHz frequency
with 1 m vertical spacing. The integration of sedimen-
tologic and acoustic properties from outcrop investigation
with the petrophysical characterization of samples enabled
the generation of a 1D synthetic seismogram convoluted
using Ricker wavelet 25 Hz providing a seismic scale
resolution.

The identified seismic reflectors belong to three groups:
(1) high amplitude reflectors resulting from vertical variation
in petrophysical properties enhanced by diagenetic features,
(2) high-to-moderate amplitude reflectors resulting from a
vertical change in acoustic impedance (AI) at the boundary
between two facies or FA and (3) low amplitude reflec-
tors corresponding to a highly karstified unit representing
homogenized physical properties. The interpretation of the
2D seismic profile, near Kfarhelda outcrop, resulted in better
understanding of the subsurface geology. Four seismic facies
were identified corresponding to the Early Cenomanian–
Turonian Sannine and Maameltain formations. The integra-
tion of outcrop and seismic data was done based on synthetic
seismogram. The best fit between the synthetic seismogram
and the seismic profile resulted in the following conclusions:
(1) seismic facies S1 represents the Upper Cenomanian unit
of Sannine formation characterized by medium-to-thick bed-
ded limestones with marl intercalations and chert intervals,
(2) the main seismic reflectors investigated within S1 are
related to the Marly Limestone Zone causing sharp con-
trast in AI, and the overlying channel facies characterized by
bioclastic packstone–floatstone with higher porosity, and (3)
near surface reflectors are impacted by noise causing signal
distortion. Thus, assessing the geological origin responsible
for the reflection and the true thickness of rock unit is less
accurate.

Finally, applying this approach on similar outcrops will aid
in investigating the complete Cenomanian–Turonian carbon-
ate platform, for better petrophysical and acoustic character-
ization of facies and constraining of the carbonate platform
properties on seismic data.
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